Introduction
Understanding the mechanism of injury for brain trauma is very important in developing prevention technologies and avoidance strategies to prevent impacts associated with those injuries. The inability to obtain direct measures on human subjects to study the underlying mechanics of injury has led to employing animal, physical and numerical models (Ommaya et al., 1971; Zhang et al., 2004) . Several researchers have published review articles summarizing brain injury mechanism research using these methods (King et al., 2003; Hardy et al., 1994; Viano et al., 1989) . This research describes the mechanism of brain injury as linked to damaging levels of brain tissue deformation caused by linear and rotational acceleration (Viano et al., 1989 ; Kleiven, 2007) .
The characteristics of linear and rotational acceleration loading affect tissue compression, tension and shearing which can be measured using computational models of the human brain (Gurdjian and Webster, 1947; Kleiven, 2007; Post and Hoshizaki, 2012) . The response of tissue to anatomical testing methods also suggests that the brain is sensitive to rates and direction of loading (Darvish et al., 2001; Hrapko et al., 2006) . Strain dependent nature of brain tissue has also been reported by Nicolle et al. (2004) . In addition, other researchers have observed that during high speed impacts neural tissue behaves differently at high frequency when compared to low frequency (Rashid et al, 2012a/b). The method of loading of the brain tissue for tolerance testing has also been documented to produce varying failure rates (Lee and Hault, 1989; Monson et al., 2003) and Arbogast and Margulies (1997) as well as Donnelly and Medige (1997) demonstrated that brain material response was dependent on loading rate and particularly in the brainstem.
The mechanical response of the brain is linked to the kinematics of the event, which are typically measured using linear and angular acceleration loading curves . As a result, how the tissue in the brain is loaded, where it is loaded, and the magnitude of that loading is dependent on these kinematic variables. How this loading affects brain tissue is determined by the characteristics of the tissue itself. Researchers have investigated the influence of loading curve shape and direction on tissue deformation metrics associated with brain injury (Willinger and Baumgartner, 2003; Zhang et al., 2004; Kleiven 2007) . Kleiven (2006) used a finite element model to evaluate the influence of kinematic dependent variables on intracranial strains causing mTBI. Using pure rotational and translational pulses of sinusoidal shape with magnitudes reflecting severities thought to be associated with concussion, Kleiven found that pure rotational pulses showed the best correlation with strain in the FE model. When comparing the translational pulses to strain, the head impact criterion and head impact power showed the best correlation (Kleiven 2006 ). Kleiven did not however discuss the influence of the curve characteristics on the intracranial strains, but simply identified the level of correlation between peak values. In an attempt to examine the influence of time to peak on maximum principal strain and Von Mises stress, Post et al. (2012a) produced artificial acceleration loading curves and found that dissimilar shaped curves with identical peak values and area produced different magnitudes of brain deformation. These results suggest that peak resultant values are not the sole contributor to injurious brain deformation. They concluded from this research that while it is evident that various characteristics of the acceleration loading curve, such as slope to peak and total duration, are influential in the production of brain deformation, an examination of linear and angular acceleration causing a brain injury was necessary as the next step. The same authors attempted a more refined analysis of hockey helmet impacts to examine how the kinematic variables influenced the magnitude of stress and strain within a finite element model of the human brain (Post et al., 2012b) . They found that rotational acceleration loading curve characteristics had a stronger relationship with maximum principal strain and von Mises stress than linear acceleration (Post et al., 2012b) . The authors of these studies did not, however, have reconstructions of actual injuries with which to examine the influence of the kinematic variables, and were thus limited to discussing possible trends between linear and rotational acceleration and brain deformation metrics.
The purpose of this study was to examine the influence of the characteristics of linear and rotational acceleration and how they account for the variance in predicting the outcome of TBI lesions incurred from falls using a principal components analysis. The TBI lesions that were analyzed were: contusion, subdural hematoma (SDH), subarachnoid hemorrhage (SAH), and epidural hematoma (EDH).
Methods

Head injury reconstructions
Twenty adult subjects who incurred a TBI lesion from simple falls were recruited for this research (Tables 1, 2, and 3). Each subject signed informed consent and all procedures concerning the contact and use of data followed approved ethical guidelines. The subjects were recruited from the Hull Hospital (Gatineau, Quebec, Canada), Ottawa General Hospital (Ottawa, Ontario, Canada), and the National Department of Neurosurgery at Beaumont Hospital, Dublin, Ireland. For the subjects to be recruited they had to have incurred a TBI lesion from a simple fall, where there was no contact with another person or object before or during the fall. In addition, each subject had no previous head injury or neurological defect. For each case, CT and/or MRI scans were conducted within 24 hours of incurring the injury from the falling event. Each CT/MRI scan was analyzed for the presence of a TBI lesion by the radiologist and neurosurgeon at the hospital. In many cases the medical imaging was confirmed by surgical interventions. For the purpose of the laboratory reconstruction, injury report forms filled out by the patient and/or eyewitnesses as well as video (if available) of the event were used to ascertain the initial conditions of each fall simulation. The form gave information such as: establishing likely starting body position, impact surface, and location of impact on the head (which was also confirmed by CT scan in many cases by the presence of a scalp contusion). The process of reconstructing the falling event was conducted in two parts. First, a MAthematical DYnamic MOdels (MADYMO) simulation was run of the incident to establish the possible inbound velocities of the head when it made contact with the surface accounting for the most likely body positions. Second, a Hybrid III headform and neckform attached to a monorail device was used to simulate the impact, with the surface defined by the report form and velocity by the MADYMO reconstruction. In many cases the impact surface was concrete and steel, which is a highly non-compliant material, while there were also wood, and carpet impacts. Of these impact surfaces the carpet reconstruction had the most variance, but in fact this variance was very small (less than 1% in linear and rotational acceleration).
MADYMO reconstructions
Mathematical dynamic models is a tool which has been commonly used to reconstruct the kinematics of the human body for falling scenarios. This software has a particular strength in that it has a variety of ellipsoid pedestrian models which have joint parameters similar to those of a (Table 1) .
Equipment
The physical reconstructions used the monorail drop rig outfitted with a Hybrid III headform and neckform ( Figure 2 ). The monorail was 4.7 m high and had a drop carriage to which the Hybrid III 50% headform and neckform was affixed. Upon release, the headform dropped vertically on ball bushings until contact with the impacting surface. The release mechanism was a pneumatic piston to ensure a clean drop, and the contact velocity was determined by photoelectric time gate within 2.6 cm of impact. The impact location on the headform was determined by the accident reports and CT/MRI scans ( Figure 3 ). The impact surfaces were determined from the injury report forms and are described in table 1 for each case.
For each velocity three impacts were conducted per subject and all were included in the principal components analysis. The variation of the resulting linear and rotational accelerations was low between the three impacts for all reconstructions.
The Hybrid III 50% headform was outfitted with a 3-2-2-2 accelerometer array (Padgaonkar et al., 1975) and sampled at 20 kHz. The accelerometers used were Endevco 7264C-2KTZ-2-300. The resulting signal was filtered using a 1650 Hz low pass butterworth filter. All signals were collected using a DTS prolab module and stored on a computer. The xaxis was defined as facing forward from the head centre of gravity, the y-axis to the left of the head and the z-axis vertically upwards.
Curve characteristic analysis
The linear and angular acceleration curve characteristics producing the specific lesion type (contusion, subdural hematoma, subarachnoid hemorrhage, epidural hematoma) was evaluated using a principal component analysis (PCA) approach. The influence of peak value, total duration and time to peak (Figure 4 ) on outcome TBI lesion was conducted. The integral of the linear and angular acceleration time curve for the resultant and all components was also calculated. In addition average slope to peak (defined as peak magnitude over time) was calculated to examine if a combination of peak magnitude and the time to that magnitude had any influence on the resulting lesion. 
Results
Contusion
Discussion
Contusion
The results of the PCA identified time to peak resultant and component in x and y characteristics of the linear and angular acceleration the best predictors for contusions. The total duration of the pulse was also important. The influence of the z axis on the variance was low, probably as a result of there being no top of the head impacts in this dataset. When examining the components, only the x angular characteristics and the y linear and angular characteristics accounted for part of the variance and not the resultant characteristics such as peak, slope or integral. These results indicate that resultant loading curve characteristics, other than linear and angular time to peak, had little influence on the variance of the dataset producing a contusion.
Subdural hematoma
Like the contusion result, the PCA identified time based variables such as time to peak for the linear and angular acceleration in x and y component as well as resultant accounted for a large part of the variance. Total duration was also found to be influential. Interestingly, the results show more variance was accounted for by the angular components in x, y, and z axes (30 % +) than the x axis linear curve characteristics. These results would suggest that the angular acceleration characteristics accounted for more variance than the linear acceleration characteristics. The lack of resultant loading curve characteristics accounting for very much of the total variance is likely a result of the components being more closely associated with the event. This is in agreement with previous literature which has identified subdural hematoma as a rotationally influenced lesion as opposed to a linear dominant injury similar to other forms of TBI (Kleiven, 2003) .
Subarachnoid hemorrhage
As with contusion and subdural hematoma, the PCA for subarachnoid hemorrhage indicated a large amount of the variance to be accounted for by time to peak and total duration characteristics. The remaining components involve x and z linear curve characteristics and x, y, and z angular curve characteristics. Like subdural hematoma, a large amount of the variance, after the time based characteristics, is accounted for by angular loading curve peak, slope, and integral. This indicates a rotational influence for the risk of subarachnoid hemorrhage which is based within the x, y, and z components and not the characteristics of the resultant linear or angular acceleration.
Epidural hematoma
There was a low sample size of reconstructions which produced an epidural hematoma (2) . As a result the PCA extracted 2 components which accounted for 94.6 % of the total variance. The first component was time based, which was similar to the other TBI lesions. The second component was mostly x and y axis linear dynamic response characteristics. Overall, after the linear and angular time to peak values in x, y, and z axes, the characteristics of the linear acceleration loading curve appeared to account for more variance in the cases involving epidural hematoma.
Conclusion
In conclusion, the PCA showed that both linear and angular acceleration accounted for variance in the dynamic response which incurred contusion, SDH, SAH, or EDH. Of particular interest was that the resultant curve characteristics of slope, integral, or peak did not appear to account for any of the variance. This result suggests that using components of the linear and angular acceleration loading curve in x, y, and z axes may account for more variance in the production of these TBI than the resultant values alone. This reinforces the usefulness of tools such as finite element modeling of the human brain to measure brain deformation responses using the components of linear and angular acceleration as this method can quantify the influence these curve characteristics have on the outcome.
The fact that the results show that time of the pulse and time to peak variables have importance when it comes to TBI, reinforces the use of integrations such as Gadd severity index (GSI) and the Head impact criterion (HIC) as they attempt to use duration to influence the predictions of injury risk (Gadd, 1966; Versace, 1971 ). However, the GSI and HIC are not particularly predictive of injury (Goldsmith, 1981) , which may be in part due to time based considerations only accounting for around 38 % of the variance of TBI as well as no rotational components. The reconstructions in this study led to extremely short duration time to peak (0.0017 s) and duration (0.03) linear and angular accelerations. The intervention of protective devices (helmets, crash pads etc) serve to lengthen this response, but may as a result create longer pulses which have been associated with the occurrence of mTBI (Wright et al., 2012) . As a result it would be interesting for future research to investigate mTBI dynamic response and examine curve characteristics which may differentiate between TBI and mTBI.
Limitations
Limitations of this study revolve around the accuracy of the reconstruction and the modeling process from the previous work simulating brain injuries. The reconstructions conducted within the laboratory use non biofidelic physical models which produce linear and angular accelerations which may not be similar to the response of a non-rigid system such as the human head. The input parameters (velocity, mass, location) are all calculated and may not accurately represent the event, while using multiple conditions for each injury simulation may cover the actual event; it is unlikely a precise representation of the event causing the injury will be simulated. The influence of the musculature on the impact will also be difficult to ascertain and is thus also a limitation to this study. While simple to reconstruct injury scenarios were chosen for this study, it is unlikely that each simulation was exact to the individual who was injured. The variables chosen to reflect the characteristics of the acceleration loading curve do not reflect all possible combinations of time and peak variable. As such it is possible that a curve characteristic not analyzed here could account for a larger amount of the variance. *R = Resultant; lin = linear; ang = angular; time = time to peak; peak = peak magnitude *R = Resultant; lin = linear; ang = angular; time = time to peak; peak = peak magnitude *R = Resultant; lin = linear; ang = angular; time = time to peak; peak = peak magnitude *R = Resultant; lin = linear; ang = angular; time = time to peak; peak = peak magnitude
